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Abstract 
 

Regulatory peptides and marker proteins are important to study in order to 

understand disease mechanisms. This applies of course also to our common diseases where 

all relationships are not yet known. Cancer and diabetes are two such complex diseases that 

affect hundreds of millions of people worldwide. This thesis addresses particular aspects of 

these two diseases, regarding one regulatory peptide (VIP, vasoactive intestinal 

polypeptide) that may be useful for tumor tracing and two proteins (apoCIII, apolipoprotein 

CIII, and TTR, transthyretin) that are altered in type 1 diabetes. 

VIP and functional VIP receptors are expressed in neuroblastomas, suggesting that 

the growth of these cells may be mediated in part by an autocrine action of VIP. VIP 

receptors are present in many epithelial cancers including breast, colon, non-small cell lung 

cancer, and pancreatic and prostate cancers. Due to the high density of VIP receptors on 

cancer cells, radiolabelled VIP may be used to image these tumours. It was therefore 

important for us to study in vivo distribution of the radiolabelled VIP prior to its usage as 

tumour tracer. We also studied the biological effects of VIP on tumours in an animal model, 

as there may be differences with respect to receptor expression between cultured tumour 

cells and tumour cells grown in vivo. Our studies could provide new insight into tumour 

imaging with respect to radiolabelled VIP. 

Type 1 diabetes serum was shown to increase intracellular Ca2+ and cause cell death. 

ApoCIII and TTR were isolated from sera of newly diagnosed type 1 diabetic patients 

based on a biological assay of increases of intracellular Ca2+. The exposure of the 

pancreatic β-cell to apoCIII not only increases intracellular Ca2+, but also causes 

programmed cell death. Furthermore, the activity of apoCIII and type 1 diabetes serum was 

totally blocked when a polyclonal antibody against human apoCIII was added. TTR did not 

have any effect on cell death. When applying the patch clamp technique, both cells treated 

with apoCIII and those treated with TTR displayed larger Ca2+-channel currents than 

control cells. Research over the last 30 years has established that type 1 diabetes is an 

autoimmune disease, but the triggers of the initiation and progression of the disease are still 

not identified. Genetic, immunological and environmental factors are involved in the 

pathogenesis of type 1 diabetes and it is most likely that the events involved can differ 

between different patients. Further investigations are needed to elucidate all pathways and 

how they are related to the underlying autoimmunity, but our results show that there is at 

least a group of type 1 diabetes patients where apoCIII and TTR play a role.
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   Introduction 

1 INTRODUCTION 
 

Proteins and peptides are central to life, as they play crucial roles in all biological 

processes in executing cell functions. They are synthesized as linear polypeptide chains, which 

fold into 3-D structures constituting their functional units. The identification and 

characterization of peptides and proteins involved in diseases can be of importance in diagnosis 

and treatment.  

During the last half century there has been much progress in our knowledge on bioactive 

peptides. Nevertheless, the initial observations of their biological activities were carried through 

long ago. As an example, the presence of a vasodepressor principle in intestinal extracts had 

been noted by Bayliss and Starling over a century ago [1]. They coined the substance 

responsible for that activity secretin. Viktor Mutt isolated and characterized secretin almost 60 

years later [2]. The amino acid sequence of secretin was determined by Mutt et al. in 1970 [3]. 

Bayliss and Starling noticed that the intestinal extracts also caused a low blood pressure and 

suggested that this effect was not due to secretin. In 1969, Said and Mutt found a similar 

vasodilatory effect in extracts of the lung [4]. A year later, a highly active substance was 

isolated from porcine intestinal extracts. It was named vasoactive intestinal polypeptide (VIP), 

based on its activity and origin of isolation [5]. Both secretin and VIP are members of the 

secretin/glucagon family of related peptides [6] which includes nine hormones in humans that 

are related in structure, distribution, function and receptors [7]. Those hormones are: secretin, 

glucagon, glucagon-like peptide (GLP-1) and (GLP-2), gastric inhibitory polypeptide (GIP), 

vasoactive intestinal polypeptide VIP, pituitary adenylate cyclase activating polypeptide 

(PACAP), growth hormone-releasing hormone (GRF) and peptide histidine-methionine (PHM).  

The mode in which proteins have been characterized follows a classic pattern: collection 

of material, biological assay, purification, determination of purity, and amino acid sequence 

analysis. Today, the availability of high performance liquid chromatography (HPLC), 

masspectrometry, gel electrophoresis and the entire human genome allows identification and 

detailed studies of the proteins in an ever increasing detail.  

Biosynthesis of bioactive peptides has been shown to proceed via precursor proteins [8, 

9]. The peptides may either be continuously secreted or stored into specific granules which are 

released upon cell stimulation. Once released, peptides in plasma and interstitial tissue are 

normally found at concentrations in the range of 10-7 M to 10-10 M. Because of these very low 

physiological concentrations, high affinity receptors have evolved, located on the target cell 
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plasma membrane. Activation of these receptors leads to signalling, responsible for initiating 

intracellular biological responses. These responses may include complex events and may end 

with protein synthesis or cell differentiation. On the other hand, responses may also include 

regulatory proteins found at milligram concentrations in plasma, and most of those proteins are 

synthesized by the liver. These proteins have a long half-lives (days) contrary to bioactive 

peptides that usually have short half-life (min) in the blood stream.   

In this thesis the following peptide and proteins are studied with respect to tumour 

imaging (1) and intracellular calcium ([Ca2+]i) changes in pancreatic β-cells (2,3) : 

1) VIP 

2) Apolipoprotein CIII (ApoCIII) 

3) Transthyretin (TTR) 

 

PPaappeerrss  II--IIIIII  

 
 

1.1 VIP 
 

VIP is a 28-residue peptide isolated in 1970 [5]. It is a prominent neuropeptide involved 

in a broad spectrum of biological activities [10-13]. It functions as a neurotransmitter and 

neuroendocrine hormone. VIP has two structurally related transmembrane receptors VPAC1 and 

VPAC2 (VPAC = VIP/PACAP). These receptors are G protein-coupled and exert their actions on 

cells through activation of adenylate cyclase, and by increase of intracellular calcium [14]. VIP 

receptors were first described in the mid 70´s [15-17]. PACAP is also a potent agonist of 

VPAC1 and VPAC2
 receptors as well as of a third, PACAP-specific receptor (PAC1) [18-20]. 

Liposomes II

RAT

Gamma Camera

Iodination I

Gamma 
Counter 

Tumour Cells
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   Introduction 

VIP receptors are widely distributed in most normal tissues such as those of the gastrointestinal 

tract, liver, lung and brain. Interestingly certain human cancer cells have high expression of VIP 

receptors [21]. The use of radiolabelled VIP, binding to VIP receptors, could thus be a 

potentially useful agent to identify tumours and their localisation with in vivo imaging. In many 

cases early diagnosis greatly improves the outcome of cancer diseases. Thus, early detection of 

cancer cells by the means of radiolabelled peptides could be an important tool for survival of 

patients.  

Deficiency of VIP has been linked to several diseases, including bronchial asthma, 

cystic fibrosis, and the acquired immunodeficiency syndrome (AIDS) [22]. VIP has important 

pharmacological actions on the respiratory tract, including relaxation of the airway smooth 

muscle membranes and attenuation of acute lung inflammation [23].  

1.1.1 Tumour imaging 
 

It has been a challenge in medicine to identify a method that has the potential to localize 

and target tumours at an early stage of development. About 25 years ago, radiolabelled 

monoclonal antibodies became popular as a potential diagnostic/targeting method in cancer 

[24]. As antibodies have a molecular weight of approximately 150 kDa, and thus large 

molecular size which hinders rapid pharmacokinetics,  this method turned out to be difficult to 

realize [25-27].  An alternative to radiolabelled antibodies appeared, almost 15 years ago, in the 

form of a radiolabelled peptide, somatostatin analogue (1.5 kDa), which led to a major 

breakthrough. This was due to the fact that neuroendocrine tumours were found to express high 

levels of somatostatin receptors [28]. Investigations have also characterised and localised VIP 

receptors on the cells of breast carcinomas and their metastases, ovarian adeno-carcinomas, 

endometrial carcinomas, prostate cancer metastases, bladder carcinomas, colonic adeno-

carcinomas, pancreatic adeno-carcinomas, gastrointestinal squamous cell carcinomas, 

lymphomas, small-cell lung cancers, inactive pituitary adenomas and neuroblastomas. [29-31]. 

Today radiolabelled VIP [32] has been shown to visualize the majority of gastrointestinal 

adeno-carcinomas, as well as some neuroendocrine tumours, including insulinomas which are 

often missed by somatostatin receptor scintigraphy [33]. 

Radioisotopes have found extensive use in diagnosis and therapy. They have proven 

particularly effective as tracers in certain diagnostic procedures. As radioisotopes are 

chemically identical with stable isotopes of the same element, they can take the place of the 

latter in physiological processes. Moreover, because of their radioactivity, they can be readily 

traced even in minute quantities using detection devices like gamma-ray spectrometers and 
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proportional counters. Although many radioisotopes maybe used as tracers, iodine-123, iodine-

131, indium-111, phosphorus-32, and technetium-99 are among the most important. 

1.1.2 Neuroblastoma 
 

Neuroblastoma is a malignant tumour that develops from embryonic neural tissue, with 

the tumour appearing in infancy or childhood. It is most commonly diagnosed in children before 

the age of five [34]. Most patients have widespread disease at diagnosis. The disorder occurs in 

approximately 1 out of 100.000 individuals and there is a strong association between early 

detection of tumours and good prognosis. Neuroblastoma can occur in many areas of the body. 

It develops from the tissues that form the sympathetic nervous system. Neuroblastoma most 

commonly begins abdominally, in the tissues of the adrenal gland but may occur in other areas 

[30]. It usually spreads rapidly to the lymph nodes, liver, lungs, bones, and bone marrow. The 

cause of the tumour is unknown and it may be linked to hereditary tendencies [35]. Gene 

abnormalities are seen in patients with the tumour [36, 37]. 

The SH-SY5Y neuroblastoma cell line has been reported to express VIP receptors [38] 

and is regulated by VIP in an autoendocrine manner [39]. VIP synthesis is increased in 

neuroblastoma cells through differentiation which is induced by retinoic acid as well as by VIP. 

Data show that VIP-induced differentiation of neuroblastoma cells markedly increase VIP 

receptor expression [40].  

1.1.3 Receptor regulation and retinoic acid 
 

Vitamin A and its analogues, including retinoic acid, play important roles in normal 

cellular differentiation and programmed cell death [41]. Pre-treatment of SH-SY5Y cells with 

13-cis-retinoic acid dramatically increased VIP receptor numbers (sites per cell) and the VIP 

immunoreactive content in the cells increased 2-3 fold [42]. Clinical effects of 13-cis-retinoic 

acid have been reported in certain patients with advanced neuroblastoma tumours [43, 44]. 

1.1.4 Liposomes 
 

Liposomes are microscopic structures consisting of one or more concentric lipid bilayers 

surrounding an aqueous compartment. The liposomes are non-toxic drug carriers where both 

hydrophilic and hydrophobic molecules can be entrapped. The properties of liposomes depend 

on their size, chemical composition and charge. Liposomes target primarily in the liver and 

spleen and offer sustained release in the blood when administered intravenously. 
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1.2 Apolipoprotein CIII and transthyretin  
 

Apolipoprotein CIII (apoCIII) is a 79-residue, 8.8 kDa polypeptide [45] with three 

known isoforms that differ in extent of glycosylation, CIII0 (no sialic acid), CIII1 (one sialic 

acid molecule), CIII2 (two sialic acid molecules), contributing approximately 10%, 55% and 

35%, respectively, to the total plasma apoCIII [46]. The human apoC´s (apoCI, apoCII, and 

apoCIII) have similar distributions among lipoprotein classes, and are often purified together. 

ApoC´s are protein constituents of chylomicrons, VLDL, and HDL.  

ApoCIII is distributed mainly into VLDL and HDL, and into LDL and chylomicrons to a 

lesser degree. A number of clinical and experimental studies have demonstrated that apoCIII 

inhibits the action of lipoprotein lipase, a key enzyme in triglyceride (TG) hydrolysis, 

metabolizing TG in VLDL and facilitating their clearance from plasma [47, 48]. Plasma lipid 

abnormalities in diabetic patients are elevation of plasma TG´s and reduction in high-density 

lipoprotein (HDL) cholesterol, which is believed to be associated with the high incidence of 

coronary heart disease in the diabetic population [49]. Bar-On et al. first reported that apoCIII 

was increased and apo E decreased in very-low-density lipoprotein (VLDL) obtained from 

streptozotocin-induced diabetic rats [50], and they suggested that these changes of lipoprotein 

particles were associated with delayed clearance from the plasma [51, 52]. Takahashi et al [53] 

T1D 
Sera 

PPaappeerrss  IIVV--VV  [Ca2]i

β-Cells  
Ca2+  +ve 

PPuurriiffiiccaattiioonn  
HPLC, 
SDS PAGE,  
aa Seq.,  
Mass 
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has reported that apoCIII deficiency prevents the development of hypertriglyceridemia 

associated with diabetes in streptozotocin-induced diabetic mice. 

Transthyretin (TTR, formerly called prealbumin) circulates in plasma as a homotetramer. 

Each subunit is composed of 127 amino acid residues. It is predominantly synthesized in the 

liver. However, the choroid plexus and the eye are also sites of production. TTR is a β-sheet-

rich homotetramer that binds to and transports the hormone thyroxine as well as the retinol-

binding protein/vitamin A complex. 

The turnover rate of this protein has a half-life of 2-3 days. Protein malnutrition reduces 

the levels of TTR and refeeding restores its levels. The normal range for serum TTR is 16-33 

mg/dL. Although TTR is responsive to nutritional changes, it, too, is a protein that is influenced 

by a number of disease related factors.  

Interestingly it was shown that HNF-4 (hepatocyte nuclear factor 4), a member of the 

steroid/thyroid hormone receptor superfamily, binds to sites required for the transcription of the 

genes for both TTR, and apoCIII [54].  

1.2.1 Diabetes mellitus 
 

Diabetes mellitus afflicts 120 million people worldwide, and the World Health 

Organization (WHO) estimates this number will increase dramatically to about 300 million by 

the year 2025 [55, 56]. Diabetes mellitus is an old disorder; descriptions of it appear in ancient 

Egyptian and Greek writings. Diabetes comes from the Greek word for siphon, which describes 

the excessive thirst and polyuria of this condition, and mellitus is the Latin word for honey, 

because the smell of diabetic urine is sweet. 

Diabetes mellitus is a complex disorder which can be divided into several subgroups, the 

two main forms are:   

1. Type 1 diabetes “T1D” (also known as insulin-dependent diabetes mellitus- 

IDDM – or juvenile onset diabetes). 

2. Type 2 diabetes “T2D” (also known as non-insulin-dependent diabetes mellitus- 

NIDDM – or maturity onset diabetes). 

T1D is an autoimmune disease resulting in the destruction of the insulin-producing 

pancreatic β-cells. The development of TID can be divided into different stages. There is a 

genetic predisposition and precipitating event(s), starting with the immunological abnormalities 

leading to a progressive loss of β-cells. The difficulty to identify the factor(s) that trigger the 
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autoimmune attack against the β-cells depends on the usually long delay time between the start 

of the autoimmune process and the onset of the disease. 

1.2.2 Voltage-gated L-type Ca2+-channels and  [Ca2+]i 
 

The pancreatic β-cell stimulus-secretion coupling, leading to release of insulin, is a 

complex process, where changes in cytoplasmic free Ca2+-concentration, [Ca2+]i, have a key 

regulatory role [57]. Subsequent to stimulation of the pancreatic β-cell with for example 

glucose, it has been shown that [Ca2+]i increases and decreases in an oscillatory pattern. The 

molecular mechanisms that regulate the oscillations in [Ca2+]i are not completely understood, 

but they are likely to represent an interplay between Ca2+ influx through voltage-gated L-type 

Ca2+-channels and Ca2+ mobilization from intracellular stores [57], where Ca2+ coming from the 

extracellular space, through the voltage-gated L-type Ca2+-channel, is more important for 

insulin release.  It is important for the β-cell not to be exposed for a prolonged period of time to 

high [Ca2+]i as this is toxic for the cell. Unphysiological increases in [Ca2+]i have been linked to 

cell death in a number of experimental systems [58-61]. 
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AIMS OF THE INVESTIGATION 
 

• To study the in vivo distribution and pharmacokinetics of VIP in animal 

models. 

• To study the in vivo distribution and pharmacokinetics of a liposomally 

encapsulated form of VIP and to evaluate if it prolongs the VIP half-life in 

blood. 

• To evaluate the use of labeled VIP in imaging of neuroblastoma with or 

without treatment with VIP, synthetic somatostatin, and 13-cis-retinoic 

acid. 

• To isolate and identify proteins from Type 1 diabetes serum that increase 

cytoplasmic free ([Ca2+]i) in pancreatic β-cells. 

• To characterize the subforms of two proteins found to be altered in 

diabetic serum, apolipoprotein CIII and transthyretin.
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                Methods 

2 METHODS 
 

2.1 VIP 
 

VIP was isolated from pig intestine [5]. The activity of VIP was tested in vivo by the 

method described by Mutt and Söderberg [62]. 

2.2 Iodination 
 

VIP was mixed with carrier-free Na131I, the reaction was started by addition of 

chloramine-T (Sigma, St. Louis, USA) and was terminated after 20-30 s with metabisulfite. 

Iodinated VIP was passed over a C18 Sep-Pak (Waters, MA) and further purified by HPLC 

using a Vydac C18 column. The radioactive fractions corresponding to the labelled VIP were 

collected, evaporated under N2, and kept at -20°C until further use. 

2.3 Liposomes 
 

L-α-phosphatidylcholine, 1,2-dioleolyl-sn-glycero-3-phosphate and cholesterol in the 

molar ratio 9.45:1:9.45 were dissolved in dichloromethane, and 131I-VIP was added. The 

dichloromethane was evaporated, and the mixture of lipids and 131I-VIP formed a thin film 

coating the inside of a spherical glass vessel. Any trace of solvent was removed under a gentle 

stream of nitrogen. The mixture was then hydrated with 25 mL glucose solution (50 mg/mL, pH 

4.0, Pharmacia-Upjohn, Uppsala, Sweden). Multilamellar vesicles were formed by vortexing 

the lipid-aqueous mixture. The suspension was transferred to an Extruder (LiposoFast 50, 

Avestin, Ottawa, Canada) and extruded under nitrogen pressure, through two stacked 

polycarbonate filters with a pore size of 600 nm (5 times). The average diameter of each 

liposomal preparation was determined by dynamic light scattering. 

2.4 Extraction of VIP from rat organs 
 

Rats were injected intravenously in the tail with 131I-VIP or liposomal 131I-VIP and 

sacrificed at various time points (2.5, 5, 10, 15, 20, 40 and 60 min). Different organs (lung, 

blood, kidney, spleen and liver) were removed immediately, washed with saline to remove 

blood, and placed in tubes (0.5 g/organ) to determine the radioactivity in a gamma-counter. 

Another part of the organs was removed, carefully washed with saline and kept at  
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-20°C. These organs were thawed, homogenized with an Ultra-turrax and then extracted in  

0.2 M acetic acid 10 mL/g for 90 min. The supernatant was collected after centrifugation and 

passed through a preconditioned Sep-Pak C18 (Waters, MA). The Sep-Pak was washed with 5 

mL 10 % acetonitrile in 0.1 % triflouroacetic acid (TFA), the bound radioactivity was eluted 

with 2 mL 60 % acetonitrile in 0.1 % TFA. The procedure was repeated twice. The two 

fractions were pooled and the volume was reduced by lyophilization. The samples were 

dissolved in 150 µL 0.1 % TFA, centrifuged and submitted to HPLC with a Vydac C18 (0.46 x 

25 cm) column (Grace Vydac, Hesperia, CA). The analysis was carried out using a linear 

gradient of 20-40 % acetonitrile in 0.1 % TFA for 30 min. The radioactive peak that eluted at 

the same retention time as that of iodinated VIP was used for quantification. 

2.5 Pharmacokinetic and statistical analysis 
 

Pharmacokinetic modelling and parameter estimates were performed using WinNonlin  

(Statistical Consultants, Lexington, KY, USA).  

Statistical analysis was performed using Wilcoxon´s test (non-parametric, paired, two 

tailed) and Mann-Whitney´s test (non-parametric, unpaired, two tailed). The mean, median and 

standard deviations were calculated using Graph Pad In Stat (version 3.0). All values are 

presented as mean ± SD. A p-value <0.05 was considered significant. 

Data analysis was done using the program Sigma Plot for Windows (version 4, Jandel 

Corp., San Rafael).  

2.6 Purification of serum proteins 
 

Sera from T1D patients and control subjects were collected, sterile-processed and stored 

frozen at –20°C until used. The immunoglobulins of the sera were heat-inactivated by 

incubation at 56°C for 30 min. Thereafter, β-cells were incubated overnight in RPMI 1640 

culture medium with 10% added sera [61], and changes in [Ca2+]i were recorded, subsequent to 

depolarization with 25 mM KCl. The five T1D sera that induced an enhanced [Ca2+]i response 

were centrifuged and the supernatant was passed through a 0.45 mm sterile filter. Samples were 

loaded on Sep-Pak C18 (Waters, MA) preconditioned with 0.1% TFA. After a wash with 0.1% 

TFA, proteins were eluted with 60% acetonitrile in 0.1% TFA and then lyophilized. Batches of 

one milligram of the lyophilized sample were dissolved in 500 µl 0.1% TFA, centrifuged and 

injected into an HPLC with a Vydac C18 (0.46 x 25 cm) column (Grace Vydac, Hesperia, CA). 
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                Methods 

The separation was by use of a linear gradient of 20-60% acetonitrile in 0.1% TFA for 40 min at 

1 mL/min.  

Protein molecular weights were determined by electrospray mass spectrometry (ESMS) 

on an Autospec hybrid tandem mass spectrometer (Micromass plc, Manchester, UK) operated in 

the positive ion mode. Samples (16 pmol/µL) were introduced to the ES interface by either 

continuous infusion or loop injection at a flow rate of 3 µL/min. 

2.7 Preparation of cells and media 
 

Pancreatic islets were isolated by a collagenase technique and cell suspensions were 

prepared as described by Lernmark [63]. Cells were seeded onto glass cover slips and cultured 

at 37°C in a humidified atmosphere of 5% CO2 in air, or used as cell suspensions. 

The basal medium used both for isolation of cells and for experiments was a HEPES 

buffer (pH 7.4), containing (in mM): 125 NaCl, 5.9 KCl, 1.3 CaCl2, 1.2 MgCl2, 25 HEPES. 

Bovine serum albumin was added to the medium at a concentration of 1 mg/ml. For cell culture, 

RPMI 1640 medium was supplemented with 100 µg/ml streptomycin, 100 IU penicillin and 

10% fetal calf serum, normal human serum or diabetic human serum. 

2.8 Measurements of [Ca2+]i and insulin release 
 

Cells, attached to cover slips, were pretreated with the different compounds as described 

in the results section (paper IV and V) and then incubated in basal medium with 2 µΜ fura-

2AM (Molecular Probes, Eugene, OR) for 30 minutes. The cover slips were mounted as the 

bottom of an open chamber and cells were perifused with medium. Fluorescence signals were 

recorded with a SPEX Fluorolog-2 system connected to an inverted Zeiss Axiovert 

epifluorescence microscope. The excitation and emission wavelengths were 340/380 and 510 

nm, respectively. The results are presented as 340/380 excitation ratios, directly representative 

of [Ca2+]i [64]. 

Cells in suspension were incubated overnight with 50, 100 or 150 mg/L TTR (Sigma) 

and 1 or 2 µg/mL purified TTR monomer. Control cells were incubated with the vehicle (water) 

of TTR. Dynamics of insulin release were studied by perifusing islet cell aggregates mixed with 

Bio-Gel P4 polyacrylamide beads (Bio-Rad) in a 0.5 ml column at 37°C [65]. The flow rate was 

0.2mL/min, and 2 minutes fractions were collected and analyzed for insulin by a 

radioimmunoassay using a rat insulin standard (Novo Nordisk).  
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2.9 Patch clamp  
 

Whole-cell Ca2+ currents were recorded by use of the perforated-patch variant of the 

whole-cell patch-clamp recording technique [66] to eliminate the loss of soluble cytoplasmic 

components. Electrodes were filled with (in mM): 76 Cs2SO4, 1 MgCl2, 10 KCl, 10 NaCl, and 5 

HEPES (pH 7.35), as well as amphotericin B (0.24 mg/mL) to permeabilize the cell membrane 

and allow low-resistance electrical access without breaking the patch. Pancreatic β-cells were 

incubated in RPMI 1640 medium with apoCIII (10 µg/mL) or vehicle overnight. The cells were 

bathed in a solution containing (in mM): 138 NaCl, 10 tetraethylammonium chloride, 10 CaCl2, 

5.6 KCl, 1.2 MgCl2, 5 HEPES and 3 D-glucose (pH 7.4). Whole-cell currents induced by 

voltage pulses (from a holding potential of -70 mV to several clamping potentials from -60 to 

50 mV in 10 mV increments, 100 ms, 0.5 Hz) were filtered at 1 kHz and recorded. All 

recordings were made with an Axopatch 200 amplifier (Axon Instruments, Foster City, 

California) at room temperature (about 22°C). Acquisition and analysis of data were done using 

the software program pCLAMP6 (Axon Instruments, Foster City, California). 

2.10 Flow cytometric analysis of cell death  
 

RINm5F cells were cultured for 36 h in the presence of 10% control serum, control 

serum and 40 µg/mL apoCIII, or T1D serum with or without 100 or 200 µg/mL anti-apoCIII. 

The whole cell population was collected, stained with EGFP-conjugated Annexin V and 

propidium iodide (PI) (BD PharMingen), and analyzed on a FACscan using CELLQuest 

acquisition software (Becton Dickinson, Immunocytometry System). FACS gating, based on 

forward and side scatter, was used to exclude cellular debris and autofluorescence. Typically  

10 000 cells were selected for analysis. 
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                Results 

3 RESULTS  

3.1 Paper I:  
 

This study was carried out to identify the target organ(s) of VIP in vivo when 

administrated intravenously. In vivo distribution of 131I-VIP was studied using a rat model in 

combination with a gamma camera. During the first minute, the radioactivity was accumulated 

in the lungs and then redistributed into the kidneys, gastric mucosa, liver and small intestine; 

this was observed by the gamma camera and established by a gamma counter.  
131I-VIP was eliminated rapidly from the blood with a half-life of 0.44±0.05 (min±SD), 

while in lung the elimination half-life was determined to be 2.3±0.8 (min±SD). The 

radioactivity was cleared from the lungs by biphasic elimination, one short [0.9±0.2 (min±SD)], 

the other longer [20.6±1.5 (min±SD)] Fig. 1. 

 
From the rat sacrificed after 20 min, extract of lung tissue had intact 131I-VIP 

representing 2% of the tissue radioactivity, as identified by coelution with the iodinated VIP. No 

intact iodinated VIP was found in the rat lung tissue beyond that time point. When 100 fold 
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unlabeled VIP was coinjected with a trace amount of 131I-VIP, the radioactivity in the lung was 

6-fold less when compared to the injection of 131I-VIP (calculated as the ratio lung/whole body). 

3.2 Paper II:  
 

This study investigates liposomal 131I-VIP half-life and biodistribution when 

administrated intravenously into the rats.  

The liposomes used, (600nm) in size, were stable and did not form any aggregates at  

+4°C for 22 days. 131I-VIP encapsulated in liposomes and administrated intravenously into the 

rats showed higher accumulation at 10 min, in the lungs (per mL tissue) than that observed after 

the administration of 131I-VIP Fig. 2. 

 

Figure 2 

An image of the rat 10 min post injection of liposomal 131I-VIP (left) and 131I-VIP 

(right). 
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                Results 

The distribution determined by a gamma camera was established and was in agreement 

with that obtained by counting the radioactivity in the removed organs. The elimination half-life 

of liposomal 131I-VIP in blood, 5.29 min, was eight-fold higher than that of 131I-VIP. The 

radiolabelled VIP encapsulated in liposomes, as well as the radiolabelled VIP, was displaced 

from the rat lungs by an intravenous administration of an excess of non-labelled VIP (200 µg). 

A scan after 24 hr showed that the radioactivity remaining after the administration of 131I-VIP 

and liposomal 131I-VIP was localized to the thyroid gland, stomach and urine bladder. This 

indicates that the encapsulation of VIP in liposomes prolongs its half-life in the blood.  

3.3 Paper III:  
 

Somatostatin and VIP immunoreactivities as well as their respective receptors were 

analysed in human neuroblastoma SH-SY5Y xenografts in nude rats. The therapeutic effects of 

VIP, a somatostatin analogue 111In-pentetreotide and 13-cis-retinoic acid were analysed with 

respect to the in vivo expression of somatostatin and VIP receptors. This selection was due to 

the fact that the SH-SY5Y cell line has been reported to have an autocrine expression of VIP 

receptors and also to respond to retinoic acid with upregulation of VIP receptors [38, 42]. The 

SH-SY5Y xenografts grown in nude rats showed only a low level of somatostatin 

immunoreactivity (0.08 pmol/g). However, all xenografts in rats showed positive scans for 
111In-pentetreotide, indicating the presence of high affinity somatostatin receptors in tumour 

tissue. Expression of somatostatin receptors, but low levels of somatostatin peptide 

concentrations in the xenografts, promoted us to try treatment with the somatostatin analogue 
111In-pentetreotide, compared with VIP and 13-cis-retinoic acid treatment.  All treated rats 

showed positive scans for 111In-pentetreotide indicating high-affinity somatostatin receptors. 

Rats treated with 111In-pentetreotide or VIP showed higher uptake in tumour tissue of 131I-VIP 

than rats receiving treatment with retinoic acid or no treatment at all. From the dynamic scans of 

the gamma camera, it was observed that rats receiving 111In-pentetreotide in the higher dose 

range showed more intense in vivo labelling of tumour tissue for both 111In-pentetreotide and 
131I-VIP compared to control rats and rats receiving 13-cis-retinoic acid. 

Thus, specific somatostatin analogues were not only useful in target therapy but can also 

be used to facilitate receptor scintigraphy since they upregulate peptide receptors. 
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3.4 Paper IV:  
 

Sera from newly diagnosed T1D patients have been shown to increase the activity of 

voltage-gated L-type Ca2+-channels and induce apoptosis in β-cells [61]. To isolate the factor 

responsible for the observed effect we used sera from newly diagnosed T1D patients. Five 

positive sera were pooled, concentrated and fractionated by HPLC. When testing the fractions in 

pancreatic β-cells from ob/ob mice one fraction (the bar no. 3, fig 3 a), eluting between 52-60% 

acetonitrile, induced a higher increase in [Ca2+]i  when the cells were depolarized. The 

component(s) in this fraction were purified further using repeated HPLC (Fig. 3b, d). All 

fractions obtained from these steps of purification were also tested for effects on isolated β-

cells. The isolated protein that induced increase in [Ca2+]i  (the bar in Fig. 3d) was 

characterized. Sequence information was obtained by both C-terminal and N-terminal 

degradations in ABI 494C and cLC sequencers. The sequences obtained were identical to those 

of apoCIII for 20 N-terminal and 5 C-terminal residues.  

 

Figure 3 
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                Results 

The purified apoCIII fraction was analyzed by mass spectrometry for subcomponent 

identification. The major components had apparent masses of 9423 and 9714 Da (fig 3e), but 

non-glycosylated apoCIII has a mass of 8765 Da. To determine the position of the possible 

modification of the apoCIII fraction, it was digested with trypsin. The resulting fragments were 

separated by HPLC using a Vydac C8 (2.1 x 150 mm). The separated fragments masses were 

measured using ESMS. Among the fragment masses observed for apoCIII, the only difference 

compared to theoretical tryptic peptide masses, was for the C-terminal residues. However, a 

galactose-N-acetyl galactosamine modification has been described [67], resulting in a 

theoretical mass of 9420 Da for apoCIII1 and 9712 Da for apoCIII2. Thus the observed masses 

of 9423 and 9714 Da (fig 3e) correspond to the mono- and di-glycosylated forms of apoCIII.   

 Our study shows that the levels of apoCIII isolated from T1D sera were four fold higher 

than from control sera. This is in agreement with earlier results that found apoCIII 

concentrations to be higher in diabetic patients than in normal controls [68-70]. ApoCIII 

increased [Ca2+]i in pancreatic β−cells and induced Ca2+ dependent programmed cell death. 

Polyclonal antisera against human apoCIII blocked the activity of apoCIII and T1D sera. The 

antibody itself had no activity. Cell death in the cell population exposed to T1D sera was 

prevented by the addition of anti-apoCIII. The stimulatory effect of apoCIII on the voltage-

gated Ca2+-channel was analysed in β-cells using the patch clamp technique. ApoCIII treated 

cells showed larger Ca2+-channel currents than control cells within the physiological range of -

10 to 10 mV, from a holding potential of -70 mV. These data suggest that increased levels of 

apoCIII in T1D sera could have cytotoxic effects on pancreatic β-cells in a Ca2+ dependent 

manner. 

3.5 Paper V:  
 

TTR is involved in the transport of thyroxine (T4) and retinol-binding protein (RBP) in 

cerebrospinal fluid (CSF) and serum. It exists mainly as a tetramer, with only a small amount of 

TTR monomer, in vivo. Levels of TTR were shown to decrease in diabetic patients, while we 

observed that a 14 kDa band on SDS-PAGE, representing TTR monomer, was of a higher 

intensity in T1D patients than in controls.  

The identification of TTR was carried out from diabetic sera that induced a higher 

increase [Ca2+]i in pancreatic β−cells than sera from controls. Briefly samples were centrifuged 

and the supernatant was passed through a sterile filter before concentrating and desalting on 

Sep-Pak C18 . 
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The sample was analysed by two separate SDS-PAGEs. One gel was stained with 

Coomassie Brilliant Blue and one was blotted on PVDF membrane and stained lightly. The 

band at 14 kDa was cut out and in-gel digested. The tryptic fragments were analysed by matrix 

assisted laser desorption/ionization (MALDI). The fingerprint pattern suggested the presence of  

TTR. This result was confirmed by running the band cut out from the PVDF membrane on an 

amino acid sequencer 15 cycles from the N-terminal.  

Changes in cytoplasmic free Ca2+ concentration, [Ca2+]i, in β-cells pretreated with TTR 

(tetramer) was measured at concentrations of 50, 100, and 150 µg/mL. Only the concentrations 

of 100 and 150 µg/mL induced a pronounced increase in [Ca2+]i and was paralleled by changes 

in insulin release. TTR monomer was purified from TTR by HPLC and was tested at 

concentrations of 1 and 2 µg/mL. Both concentrations gave pronounced increase in [Ca2+]i 

compared to controls. Although none of the monomer concentrations had effects on insulin 

secretion, basal insulin secretion was significantly higher in cells treated with 2 µg/mL. This 

could have harmful effects on β-cells, but neither the tetrameric TTR (150 µg/mL) nor 

monomeric TTR (2 µg/mL) did induce cell death. 

These data suggests that in T1D patients serum levels of TTR decrease under conditions 

where the tetramer form dissociates into the monomer form. These changes in TTR are 

associated with increases in both [Ca2+]i and insulin release. 

 

4 DISCUSSION 

4.1 Papers I-III 
 

Early diagnosis of cancer is important for treatment and long-time survival. Receptor 

imaging using radiolabeled peptides has been found to be a promising diagonstic tool in several 

cases [29, 71]. 

Both somatostatin and VIP receptors are present in a number of tumours [72]. A 

somatostatin-labeled analogue, 111In-pentetreotide, is now routinly used in diagnosis. However, 

its clinical use is limited because of several factors, i.e. its biodistribution, the complicated 

physiological function, and the presence of several receptor subtypes [73]. Alternative peptides, 

with tumours expressing their receptors, can be a useful tool in diagnosis. 

We have studied the in vivo distribution of 131I-VIP in the rat with a gamma camera.  

Radioiodinated VIP maintains a high biological activity as determined by cAMP formation in 

receptor expressing tumour cell lines [74]. Dynamic scans of the uptake of the radioactivity 
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showed that 131I-VIP,  when administrated iv, is rapidly eliminated from the circulation and 

accumulated in the lungs during the first minute. A low uptake and almost no accumulation in 

the lungs was seen when a large amount of non-labeled VIP was coinjected with 131I-VIP. After 

the initial uptake, the radioactivity is cleared from the lungs by biphasic elimination.  

These results confirm the presence of a high number of specific VIP receptors in rat lung 

[75]. The data are also in good agreement with the results reported by Barrocliffe et al. [76], 

showing that the lungs play an important role in the clearence of iodinated VIP from circulation 

after intravenously administration. The regression analysis of the concentration of intact 131I-

VIP obtained by HPLC analysis in lungs and blood showed that the elimination half-life was 

longer in lungs (2.34 min) than in blood (0.45 min). The chromatographic analysis showed that 

the radioactivity found in the kidneys, liver, intestines and colon did not correspond to intact 
131I-VIP at any of the times studied. The short half-life of VIP is due to its rapid degradation by 

serum components  [77, 78], limits its clinical use. 

Numerous attempts have been carried out to stabilize the peptide by chemical 

modification or by modification the amino acid sequence [79]. None of these forms has reached 

clinical use because of low activity of the modified analogues. 

To overcome the short half-life of VIP in circulation, we encapsulated 131I-VIP in 

liposomes and studied the biodistribution after intravenous adminstration in a rat. The 

liposomes are non-toxic drug carriers where both hydrophilic and hydrophobic molecules can 

be entrapped. The properties of liposomes depend on their size, chemical composition, and 

charge. Large liposomes target primarily the liver and spleen while very small liposomes target 

bone marrow [80, 81]. They offer also sustained release in the blood when administered 

intravenously [82]. 

We compared both 131I-VIP and encapsulated 131I-VIP and we have shown that:  

1) When VIP was encapsulated in liposomes, a two-fold higher exposure was found than when 

free VIP, in blood and lung, was used. Blood and lung exposure was expressed as AUC.   

2) A three-fold longer half-life in lungs was observed after intravenous administration of 

liposomal VIP than after an intravenous administration of VIP.  

3) An eight-fold higher half-life was obtained in blood after administration of liposomal VIP 

than after administration of VIP.  

Our results are consistent with other studies showing that encapsulation of VIP in 

liposomes enhanced and prolonged its biological activity. These studies also showed that 

liposomes protects VIP from rapid degradation both in vivo and in vitro [83-85].  
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Liposomal encapsulation of VIP represents an efficient delivery form, protecting VIP 

from enzymatic degradation in the blood. It may also sustain the release into the circulation. 

These mechanisms seem to offer important therapeutic advantages over VIP delivered in its 

native form. 

In vitro studies have shown that VIP may induce growth inhibition and differentiation of 

malignant neuroblastoma cell lines [86]. Expressions of receptors specific for VIP are necessary 

for the biological effects of VIP. VIP receptors have been previously detected on neuroblastoma 

cells [38]. Data implicate that VIP-induced differentiation of neuroblastoma cells markedly 

increased VIP receptor expression [40]. 

We have used a nude rat model with the neuroblastoma cell line SH-SY5Y injected on 

the lateral side of each hind leg. The SH-SY5Y grown in the rats showed a low level of 

somatostatin immunoreactive concentration and the somatostatin receptor scintigraphy showed 

tumour tissue expressing the somatostatin receptor. This fact prompted us to compare 

somatostatin, VIP and 13-cis-retinoic acid in the treatment of those tumours.  

All treated rats showed positive scans for 111In-pentetreotide, which indicated high 

affinity receptors for somatostatin. Using 131I-VIP to image tumours in treated rats, higher 

uptake was observed in rats treated with 111In-pentetreotide or VIP than in rats receiving 

treatment with 13-cis-retinoic acid or in controls. This implies that SH-SY5Y xenografts 

showed an increase in scintigraphic detection of somatostatin and VIP receptors in vivo when 

treated with somatostatin analogue or VIP. The higher tumour uptake may in part be due to an 

upregulation of VIP receptors on tumour cells. Previous studies showed that VIP synthesis is 

increased in neuroblastoma cells by differentiation induced by 13-cis-retinoic acid and VIP [86]. 

The high affinity binding sites for somatostatin and VIP in the treated rats appears to be useful 

for diagnosis. In summary, we show that: 

• VIP has a short half-life, when administrated intravenously, in vivo and targets the lungs. 

• Encapsulation of VIP in liposomes protects it from rapid degradation and elongates its half-

life in vivo eight-fold. 

• VIP can be used as an agent to detect tumours in a rat model. 

Even though we did not have the opportunity to expand our studies for tumour imaging 

in humans, Virgolini and colleges have demonstrated the potential use of VIP in imaging a 

number of intestinal adeno-carcinomas and endocrine tumours. However stable analogues that 

have high affinity to both VIP receptors are still not available. 
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4.2 Papers IV-V 
 

The major difficulties in identifying proteins from serum or plasma is derived from the 

fact that a small number of proteins such as albumin, alpha2-macroglobulin, transferrin, and 

immunoglobulins, may represent as much as 80% of the total serum protein. The large quantity 

of these proteins makes it difficult to identify other proteins in serum especially if the amount of 

sera is limited as in our case.  

Sera from newly diagnosed T1D patients have been shown to increase the activity of 

voltage-gated L-type Ca2+-channels in β-cells resulting in increased [Ca2+]i. This increase 

promoted Ca2+-induced apoptosis [61]. Identification of the subcomponents of the sera that 

cause such effects could be of importance in the outcome of the disease. 
T1D diabetic sera were collected and tested for increase in [Ca2+]i. The positive sera 

were pooled, concentrated and fractionated. The active fractions, being responsible for the 

increase in [Ca2+]i, has been identified to be apoCIII and TTR.  

It is known that the levels of apoCIII differ in diabetic patients versus healthy 

individuals. In poorly controlled type 1 diabetic patients the levels of apoCIII were largely 

increased, and returned to normal when the glycaemic control was improved [69, 87]. It is not 

specified whether the increase includes both the sialylated and non-sialylated isoforms. 

Furthermore, there are no previous reports on the effects of apoCIII on pancreatic β-cells and 

[Ca2+]i.  

Human TTR was the first serum protein for which the amino acid sequence and 3D 

structure were determined. TTR is a serum protein that transports thyroxine and retinol-binding 

protein. It exists mainly as a stable tetramer under physiological conditions, but a small amount 

of monomer has recently been found in vivo in normal individuals. TTR is associated with two 

medical disorders: familial amyloidotic polyneuropathy (FAP) caused by mutations within the 

protein, and senile systemic polyneuropathy (SSA) that involves the native protein. In the 

northern parts of Sweden, FAP is prevalent and is also referred to as "Skelleftesjukan". It is also 

a marker of malnutrition and chronic inflammation.  

Commercially available apoCIII and TTR were tested and shown to stimulate Ca2+ 

influx in a similar manner to the fractions isolated from the T1D sera. The activity of voltage-

gated Ca2+-channels was analyzed in mouse β-cells incubated with apoCIII or TTR.  

ApoCIII/TTR treated cells displayed larger Ca2+-channel currents than control cells 

during depolarizations in the range -10 to 10 mV, from a holding potential of –70 mV. These 

data demonstrate that apoCIII/TTR modulated the activity of the voltage-gated L-type Ca2+-
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channel and that the effect occurred in the range of physiological depolarization [88]. It is 

known that mouse β-cells contain exclusively L-type Ca2+-channels [89]. There was a higher 

percentage of dead cells in the cell population exposed to apoCIII but not to TTR. Co-

incubation of β-cells with a polyclonal antibody raised against apoCIII blocked the activity of 

both the commercial apoCIII and the diabetic sera. The relative amounts of apoCIII in T1D 

serum and control serum respectively, were evaluated by comparisons of the peak area 

corresponding to apoCIII in the second HPLC and showed on average four-fold higher in serum 

from T1D patients. This suggests that apoCIII/TTR have an effect on pancreatic β-cell stimulus-

secretion coupling, specifically increasing the activity of the voltage-gated L-type Ca2+-channel 

in T1D. 

The study of the molecular mechanisms and pathophysiological events by which 

apoCIII/TTR can affect β-cells might be of great importance for the development of new 

insights for T1D. 
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___________________________________________________________________________ 

ABSTRACT. In type 1 diabetes (T1D) there is a specific destruction of the insulin secreting 

pancreatic β-cell. Although the exact molecular mechanisms underlying β-cell destruction 

are not known, sera from T1D patients have been shown to promote Ca2+-induced apoptosis. 

We now demonstrate that apolipoprotein CIII (apoCIII) is increased in serum from T1D 

patients and that this serum factor both induces increased cytoplasmic free Ca2+ 

concentration ([Ca2+]i) and β-cell death. The apoCIII induced increase in [Ca2+]i reflects an 

activation of the voltage-gated L-type Ca2+-channel. Both the effects of T1D sera and 

apoCIII on the β-cell are abolished in the presence of antibody against apoCIII. Increased 

serum levels of apoCIII can thus account for the increase in �-cell [Ca2+]i and thereby β-cell 

apoptosis associated with T1D.    
___________________________________________________________________________ 
Abbreviations: ApoCIII, apolipoprotein CIII, T1D, type 1 diabetes  

 
INTRODUCTION 

Research over the last 30 years has established that type 1 diabetes (T1D) is an autoimmune 

disease, but the mechanisms/events that trigger the initiation and progression of the disease 

are still not identified. Genetic, immunological and environmental factors are involved in the 

pathogenesis of T1D and most likely  the events involved differ between different patients. 

Voltage-gated L-type Ca2+-channels have an important physiological role in pancreatic $-cell 

signal-transduction (1). These channels constitute an essential link between transient changes 

in membrane potential and insulin release. Changes in cytoplasmic free Ca2+ concentration 

([Ca2+]i) in the β-cell are associated with the activation of a spectrum of intracellular signals 

and are strictly regulated as prolonged high [Ca2+]i is harmful to the cells. Sera from newly 
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diagnosed T1D patients have been shown to increase the activity of voltage-gated L-type 

Ca2+-channels in β-cells resulting in increased [Ca2+]i upon depolarization and β-cell 

apoptosis, effects that can be prevented by Ca2+-channel blockers (2). The key question has 

been what factor in T1D serum that is responsible for the changes in [Ca2+]i. In the present 

study, we have revealed the identity of a key factor in T1D sera that increases [Ca2+]i as well 

as promotes apoptosis and found it to correspond to apolipoprotein CIII (apoCIII). The fact 

that not all sera from T1D patients affected [Ca2+]i  indicates that T1D is not caused by a 

single factor like apoCIII, which is in agreement with clinical observations suggesting that 

different factors can act in concert with the autoimmune abnormalities resulting in β-cell 

destruction.  

 
Methods 

Media The basal medium used both for isolation of cells and for experiments was a HEPES 

buffer (pH 7.4), containing (in mM): 125 NaCl, 5.9 KCl, 1.3 CaCl2, 1.2 MgCl2, 25 HEPES. 

Bovine serum albumin was added to the medium at a concentration of 1 mg/ml. For cell 

culture, RPMI 1640 medium was supplemented with 100 µg/ml streptomycin, 100 IU 

penicillin and 10% fetal calf-, normal human- or diabetic serum. 

 

Preparation of cells Adult mice from a local colony(3) were starved overnight. Pancreatic 

islets were isolated by a collagenase technique and cell suspensions were prepared as 

previously described (4, 5). Cells were seeded onto glass coverslips and cultured at 37 0C in a 

humidified atmosphere of 5% CO2 in air. 

 
Preparation and purification of sera Sera from T1D patients and control subjects were 

collected, identically sterile-processed and stored frozen at –20 °C until used. The sera were 

heat-inactivated by incubation at 56 °C for 30 min. Thereafter β-cells were incubated 

overnight in RPMI 1640 culture medium with 10% of the sera and changes in [Ca2+]i were 

recorded, subsequent to depolarization with 25 mM KCl. The five T1D sera that induced an 

enhanced [Ca2+]i response were centrifuged and the supernatant was passed through a 0.45 

mm sterile filter. Samples were loaded on Sep-Pak C18 (Waters, Ma) preconditioned with 

0.1% TFA. After a wash with 0.1% TFA, proteins were eluted with 60% acetonitrile in 0.1% 

TFA and therafter lyophilized. Batches of one milligram of the lyophilized sample were 

dissolved in 500 µl 0.1% TFA, centrifuged and injected into a RP-HPLC with a Vydac C18 
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(0.46 x 25 cm) column (Grace Vydac, Hesperia, Ca). The separation was made using a linear 

gradient of 20-60% acetonitrile in 0.1% TFA for 40 min at 1 ml/min. Fractions of 1 ml were 

collected and lyophilized.  

 

Purification of isoforms of apolipoprotein CIII (apoCIII) ApoCIII was purified from 

human serum by adsorption to a lipid emulsion and delipidation, followed by 

chromatography of the lipid-associated proteins under denaturing conditions in guanidinium 

chloride and urea, respectively, as previously described (6). The apoCIII isoforms were 

dialyzed against ammonium bicarbonate and lyophilized before use. 

 

Measurements of [Ca2+]i Cells, attached to coverslips, were pretreated with the different 

compounds as described in the results and thereafter incubated in basal medium with 2 

µΜ fura-2AM (Molecular Probes, Eugene, OR) for 30 min. The coverslips were mounted as 

the bottom of an open chamber and cells were perifused with medium. Fluorescence signals 

were recorded with a SPEX Fluorolog-2 system connected to an inverted Zeiss Axiovert 

epifluorescence microscope. The excitation and emission wavelengths were 340/380 and 510 

nm, respectively. The results are presented as 340/380 excitation ratios, directly 

representative of [Ca2+]i (7). 

 
Patch clamp Whole-cell Ca2+ currents were recorded by using the perforated-patch variant of 

the whole-cell patch-clamp recording technique to eliminate the loss of soluble cytoplasmic 

components. Electrodes were filled with (in mM): 76 Cs2SO4, 1 MgCl2, 10 KCl, 10 NaCl, 

and 5 HEPES (pH 7.35), as well as amphotericin B (0.24 mg/ml) to permeabilize the cell 

membrane and allow low-resistance electrical access without breaking the patch. 

Pancreatic β-cells were incubated in RPMI 1640 medium with apoCIII (10 :g/ml) or vehicle 

overnight. The cells were bathed in a solution containing (in mM): 138 NaCl, 10 

tetraethylammonium chloride, 10 CaCl2, 5.6 KCl, 1.2 MgCl2, 5 HEPES and 3 D-glucose (pH 

7.4). Whole-cell currents induced by voltage pulses (from a holding potential of -70 mV to 

several clamping potentials from -60 to 50 mV in 10 mV increments, 100 ms, 0.5 Hz) were 

filtered at 1 kHz and recorded. All recordings were made with an Axopatch 200 amplifier 

(Axon Instruments, Foster City, California) at room temperature (about 22 °C). Acquisition 

and analysis of data were done using the software program pCLAMP6 (Axon Instruments, 

Foster City, California). 
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Protein characterization Primary sequence was obtained in ABI 494C and cLC sequencers. 

Protein molecular weights were determined by electrospray mass spectrometry (AutoSpec 

hybrid tandem mass spectrometer, Micromass). For recording of positive-ion conventional-

ES spectra, samples (16 pmol/ml) were introduced into the ES interface by infusion or loop 

injection at a flow rate of 3 ml/min. To determine the position of the glycosylation, the native 

protein was digested with trypsin 1:10 w/w (Promega, Madison, WI). The resulting 

fragments were separated by HPLC using a Vydac C8 (2.1 x 150 mm) and a gradient of 0-

50% B in 50 min (buffer A, 5% acetonitrile/0.1% TFA; B, 80% acetonitrile/0.1% TFA). The 

fragments separated were applied to mass analysis. 

 

Quantification of apoCIII Sera were collected and prepared as described above.  The 

relative amounts of apoCIII in T1D serum and control serum, respectively were evaluated by 

comparisons of the peak area corresponding to apoCIII in the second RP-HPLC.  

 

Flow cytometric analysis of cell death RINm5F cells were cultured for 36 h in the presence 

of 10% control serum, control serum and 40 µg/ml apoCIII or T1D serum with or without 

100 or 200 µg/ml anti-apoCIII. The whole cell population was collected and stained with 

EGFP-conjugated Annexin V and propidium iodide (PI) (BD PharMingen) and analyzed on a 

FACscan using CELLQuest acquisition software (Becton Dickinson, Immunocytometry 

System). FACS gating, based on forward and side scatter, was used to exclude cellular debris 

and autofluorescence and typically 10 000 cells were selected for analysis. 

 

Statistical analysis Statistical significance was evaluated by Student´s t-test and P values 

<0.05 were considered significant. Data are expressed as means ± SEM. 

 

Results and Discussion 

We have previously shown that T1D serum can activate voltage-gated L-type Ca2+-channels 

in the pancreatic β-cell, resulting in increased [Ca2+]i and thereby β-cell apoptosis (2). In 

order to identify the factor in T1D serum responsible for these effects, we have now screened 

sera from seven newly diagnosed T1D patients (Table 1), using increases in [Ca2+]i as a 

readout. Mouse pancreatic β-cells were cultured overnight with 10% sera from the actual 

patients or normal subjects. Sera from five of the patients induced a significantly higher 

increase in [Ca2+]i, when cells were depolarized with 25 mM KCl, leading to an opening of 
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voltage-gated L-type Ca2+-channels, than sera from healthy blood donors (Fig. 1). Positive 

sera were pooled, concentrated and fractionated by reversed phase (RP)-HPLC. When 

fractions were tested on isolated mouse pancreatic β-cells, one fraction (No. 3, Fig. 2A) 

eluting between 52-60% acetonitrile, induced a more pronounced increase in [Ca2+]i when 

cells were depolarized with high concentrations of K+. After further purification of the 

component(s) in this fraction by repeated RP-HPLC runs (Fig. 2B,D), all fractions obtained 

were tested for effects on [Ca2+]i  by incubation with mouse β-cells overnight. The results 

from this second purification (Fig. 2B) showed a higher activity in fraction 2 (Fig. 2C). The 

protein that induced an increase in [Ca2+]i indicated by the bar in Fig. 2D was determined. 

Sequence information was obtained both by C-terminal and N-terminal degradations. The 

sequences were identical to those of human apoCIII for 20 N-terminal and 5 C-terminal 

amino acid residues.   

ApoCIII plays a key role in the regulation of the metabolism of triglyceride-rich lipoprotein 

(TRL) (8). It controls the catabolism of TRL by inhibiting the activity of lipoproteinlipase 

(LPL) (9,10), thereby inducing hypertriglyceridemia. ApoCIII also inhibits the binding of 

remnant lipoproteins to catabolic receptors like the LDL receptor related protein (LRP) (11). 

When the apoCIII gene was disrupted in mice, there was a 70% reduction in triglyceride 

levels (12). Overexpression of human apoCIII in transgenic mice results in 

hypertriglyceridemia (13). ApoCIII is a 79-residue, 8.8 kDa polypeptide (14) with three 

known isoforms that differ in terms of glycosylation, CIII0 (no sialic acid), CIII1 (one sialic 

acid residue) and CIII2 (two sialic acid residues), contributing approximately 10%, 55% and 

35%, respectively, of total plasma apoCIII (15). Mutagenesis of the glycosylation site and 

expression in stable cell lines suggest that intracellular glycosylation is not required for the 

transport and secretion functions (16). Lack of glycosylation does not affect the affinity of 

apoCIII for VLDL and HDL (16). Insulin is involved in the regulation of the apoCIII gene 

and induces a dose-dependent down-regulation at the transcriptional level. Overexpression of 

the apoCIII gene could contribute to the hypertriglyceridemia seen in T1D patients (17). 

Although surprising at first glance, mice transgenic for the human apoCIII gene, are neither 

insulin-resistant nor hyperinsulinemic (18). However it is important to keep in mind that in 

T1D we are dealing with a complex interplay between genetic predisposition, immunological 

changes and environmental factors that together promote the destruction of the β-cells.   

The concentration of apoCIII has previously been found to be higher in diabetic patients than 

in normal subjects (19-27). In insulin deficient rats there was no significant change in apoCIII 
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in one study (28), while others have reported an increase in the proportions of the sialylated 

apoCIII (29, 30). We analyzed the apoCIII purified from T1D sera by mass spectrometry for 

subcomponent identification. The major components had apparent masses of 9423 and 9714 

Da (Fig. 2E), corresponding to the mono- and di-glycosylated forms of apoCIII (theoretical, 

calculated values are: CIII0 8764 Da, CIII1 9420 Da, CIII2 9712 Da). To determine the 

positions of glycosylation, the protein was digested with trypsin and the fragments were 

separated by RP-HPLC. When the separated fragments were analyzed by mass spectrometry, 

seven of the eight fragments showed masses identical to the theoretical values. The mass 

difference was localized to the C-terminal fragment, previously shown to be glycosylated 

(31). The absence of a non-glycosylated C-terminal fragment indicated that the isolated 

apoCIII forms were glycosylated. The relative amounts of apoCIII in T1D and control sera 

were evaluated by comparisons of the peak area corresponding to apoCIII in the second RP-

HPLC (Fig. 3A). In T1D sera the levels of the sialylated isoforms of apoCIII (apoCIII1 and 

apoCIII2) were four-fold higher than in non-diabetic sera. The non-sialylated isoform 

(apoCIII0) could not be detected. 

The concentration of apoCIII has been reported to be between 60-140 µg/ml in control 

subjects and 90-270 µg/ml in diabetics (9, 19, 20, 24-27). These variations may to a certain 

extent reflect the fact that various methods have been used for the determinations. In our 

experiments we have used 10% T1D serum in the culture medium instead of 10% fetal calf 

serum normally used. Based on the levels found in diabetic patients we have therefore chosen 

10-50 µg/ml of apoCIII, a concentration range affecting intracellular Ca2+-handling. We have 

also tested three lower concentrations (1, 3 and 6 µg/ml), but these did not affect [Ca2+]i  

(data not shown).  

Commercially available apoCIII (Sigma), which constitutes a mixture of apoCIII1 and 

apoCIII2, was tested at a concentration of 10 µg/ml and was shown to stimulate Ca2+ influx 

similar to the product isolated from T1D sera (Fig. 3B). Co-incubation of β-cells with 100 

µg/ml of a polyclonal antibody against human apoCIII (Academy BioMedical Company, 

Houston, TX) blocked the activity of both the commercial apoCIII and the T1D serum  (Fig. 

3B,C). The polyclonal antibody had no activity by itself (data not shown). When testing the 

three isoforms of apoCIII by incubation of β-cells at a concentration of 10 µg/ml, both the 

glycosylated (CIII1 and CIII2) and the non-glycosylated isoform caused a significantly higher 

increase in [Ca2+]i than cells that had been incubated with only the vehicle, 0.1% 

triflouroacetic acid (TFA) (Fig. 3D). To study the effect of possible binding of apoCIII to 
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serum lipoproteins in the culture medium, cells were incubated in basal buffer containing no 

serum and 10 µg/ml apoCIII1 for 2 and 6 h. There was a significantly elevated increase in 

[Ca2+]i upon depolarization in all the experiments where the cells had been exposed to 

apoCIII1 for 6 h, but only in one out of three experiments where the incubation time was only 

2 h (data not shown). 

There was a higher percentage of dead cells in the cell population exposed to T1D serum. 

This effect was prevented by the addition of anti-apoCIII (Fig. 3E). Furthermore, the addition 

of pure apoCIII to culture medium with control serum resulted in an increased cell death 

(Fig. 3E). 

To elucidate the molecular mechanism underlying the stimulatory effect of apoCIII on 

[Ca2+]i, the activity of voltage-gated Ca2+-channels was analysed in $-cells incubated with 10 

µg/ml apoCIII. ApoCIII-treated cells displayed larger Ca2+-channel currents than control 

cells during depolarizations in the range -10 to 10 mV, from a holding potential of –70 mV  

(Fig. 4A,B). These data demonstrate that apoCIII  modulated the activity of the voltage-gated 

L-type Ca2+-channel and that the effect occurred in the range of physiological 

depolarizations. So far immunoblot experiments have not revealed a direct interaction of 

apoCIII with the Ca2+-channel (data not shown). Future experiments will clarify to what 

extent this may reflect limitations set by the immunoprecipitation protocol or the actual 

situation.  

In our previous study (2) we tested T1D sera on GH3 cells, a pituitary cell line, and obtained 

the same effect as in primary β-cells and RINm5F cells. This suggests that the observed 

effects induced by apoCIII may not be exclusive for the β-cells, but rather associated with the 

presence of voltage-gated L-type Ca2+-channels. The sensitivity of the pancreatic β-cell to the 

cytotoxic effect of apoCIII and resulting increase in [Ca2+]i  is likely to reflect an inherent 

overall low tolerance to stress (32). 
Our study shows that the sialylated forms of apoCIII were on average four-fold higher in sera from newly 

diagnosed T1D patients than in sera from healthy subjects. ApoCIII induced both an increase in [Ca2+]i and β-

cell death. The molecular mechanism underlying the stimulatory effect of apoCIII on [Ca2+]i reflected an 

activation of the voltage-gated L-type Ca2+-channel. Addition of an antibody against apoCIII blocked the effects 

of both T1D serum and apoCIII on [Ca2+]i as well as on  β-cell death. This suggests that the Ca2+ dependent 

cytotoxic effect of T1D serum on the pancreatic β-cell is mediated by apoCIII. 
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Table 1. Characterization of the T1D patients. Gender of the patients is designated as F, 

female, and M, male. The presence (Pos), absence (Neg) or no data available (ND) of 

antibodies to islet cells (ICA), GAD and tyrosin phosphatase IA2 (IA-2) are marked in the 

table. Healthy blood donors, all negative for ICA, GAD and IA-2, served as sources of 

control sera. *Insulin was the only medication administered. 
 
Patient Sex Age 

(years) 

Duration of  

T1D(weeks) 

Medication ICA GAD IA-2 

1 M 32 <1 No* Pos Pos Pos 

2 F 32 12 No* Neg Pos Neg 

3 F 31 <1 No* Pos Pos Pos 

4 F 23 <1 No* Pos Neg ND 

5 M 19 <1 No* Neg Neg Pos 

6 F 35 <1 No* Pos Pos Pos 

7 F 33 28 No* Pos Pos ND 

 
 

 
 
 
Figure 1 Changes in [Ca2+]i  in pancreatic β-cells from mice exposed to T1D or control sera. 

Five out of seven T1D sera induced an enhanced increase in [Ca2+]i, when the cells were 

depolarized with high concentrations of K+ to open the voltage-gated Ca2+-channel, 

compared to cells that had been exposed  to normal serum (n = 29, 28, 32, 47, 21, 27, 31 and 

18, respectively), *** P < 0.001, **  P < 0.01 and * P < 0.05 versus control. 
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Figure 2 Stepwise separation and identification of the active fraction in T1D serum. A, After 

the first RP-HPLC separation the fraction marked 3 was found to give a higher increase in  

[Ca2+]i. B, Fraction 3 (Fig. 2A) was rerun on RP-HPLC under identical conditions. The 

fractions were again tested for [Ca2+]i
 stimulating activity (Fig. 2C), and one positive fraction 

(No. 2) was identified. D, The active fraction (Fig. 2B) was rechromatographed. The fraction, 

inducing a higher increase in [Ca2+]i when β-cells were depolarized with high concentrations 

of K+, is marked with a bar. C, Pancreatic β-cells incubated with four fractions from RP-

HPLC of diabetic sera from Fig. 2B (n = 6, 11, 12, 11 and 10, respectively), *** P < 0.001 

versus control. E, The active fraction from Fig. 2C was analyzed by electrospray mass 

spectrometry.  
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Figure 3 Amounts of apoCIII in T1D serum and effects on [Ca2+]i and cell death. A, Relative 

levels of apoCIII1+2 in T1D and control serum, given as area under the curve (AUC), **P < 

0.01 (n=5). B, Pancreatic β-cells were incubated with apoCIII or apoCIII + antibodies against 

human apoCIII (n= 63, 35 and 33), ***P < 0.001 versus  control. C, β-cells were incubated 

with a control or a T1D serum and T1D serum + anti-apoCIII (n= 18, 17 and 20), ***P < 

0.001 versus T1D serum. D, Mouse β-cells were incubated with apoCIII0, apoCIII1, apoCIII2 

or the vehicle (control) (n = 54, 40, 48, 37), *** P < 0.001 versus control. E,The insulin 

secreting cell line RINm5F was exposed to control and T1D sera and T1D serum with the 

addition of two concentrations of anti-apoCIII and finally control serum with apoCIII (n=5), 

* P < 0.05 and **P < 0.01, versus control. 
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Figure 4 Interaction of apoCIII with the voltage-gated L-type Ca2+ channel. A, Summary 

graph of current density-voltage relationships. ApoCIII-treated cells (filled circles, n = 56) 

and control cells (open circles, n = 55) were  depolarized to potentials between -60 and 50 

mV, in 10 mV increments, from a holding potential of -70 mV, *P < 0.05. B, Sample whole-

cell Ca2+ current traces from a control cell (cell capacitance: 4.3 pF) and a cell incubated with 

apoCIII (cell capacitance: 4.2 pF). Cells were depolarized by a set of voltage pulses (100 ms, 

0.5 Hz) between -60 and 50 mV, in 10 mV increments, from a holding potential of -70 mV.  
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________________________________________________________________________ 

ABSTRACT. Transthyretin (TTR) mainly exists as a stable tetramer under physiological 

conditions, but a small amount of monomer has recently been found in vivo in normal 

individuals. We now demonstrate that total TTR enhances the activity of  voltage-gated  

L-type Ca2+ channels, increases cytoplasmic free Ca2+ concentration ([Ca2+]i) and 

promotes insulin release.  In addition we show that the concentration of total TTR is 

decreased in type 1 diabetes (T1D), while that of the monomeric form is increased. Also 

the monomeric form of TTR affects [Ca2+]i and insulin release. Conversion of the 

tetrameric form of  TTR to the monomeric form may constitute an important step 

associated with the development of $-cell dysfunction in TID.     

________________________________________________________________________ 

 

Transthyretin (TTR) is a tetrameric protein of four identical subunits of 14 kDa that is 

synthesized primarily in the liver and in the choroid plexus of the brain (1). It is a 

transport protein for thyroxine and retinol in association with retinol-binding protein, for 

retinol. TTR has a complex equilibrium between different quartenary structures in serum 

(2), but exists mainly as a tetramer, with only a small amount of TTR monomer, in vivo 

in normal individuals (3,4). When the concentration of TTR is measured in serum 



samples by conventional methods it is the tetrameric form that is detected. It is possible 

to estimate the amount of monomeric TTR both by SDS-PAGE, without reductive 

preboiling, and by reverse phase (RP)-HPLC. As shown in Fig 1, the monomer elutes 

before the tetramer on RP-HPLC (peak 2; peak 1 being non-TTR material). The 

monomeric form is verified by total mass determination, 14 kDa by MALDI mass 

spectrometry, and a monomer band on SDS-PAGE. A second fraction upon HPLC (peak 

3) yields a mass value of 50 kDa and on SDS-PAGE shows a monomer plus several 

aggregates, including tetramer. It appears possible that lack of complete dissociation of 

the tetramer upon SDS-PAGE may be due to the presence of some cross-linked or else 

chemically modified forms of TTR. Cys-10 of TTR has previously been shown to be 

sensitive to modification (2) and we therefore tested both the monomer and tetramer 

fractions from the HPLC by sequencer degradation, which however showed identical 

results for 15 cycle in both cases, suggesting that Cys-10 is not likely to be involved in 

the relative stability of the tetramer now observed.  

We have measured changes in cytoplasmic free Ca2+ concentration, [Ca2+]i, in β-cells 

pretreated with TTR and stimulated with glucose and KCl. TTR at a concentration of 

100- and 150 mg/l induced a more pronounced increase in [Ca2+]i, subsequent to 

stimulation with glucose and KCl (Fig 2 A,B), compared to control, while 50 mg/l was 

without effect. Basal [Ca2+]i was not affected. In trying to elucidate the cellular 

mechanism underlying the increase in [Ca2+]i, the activity of voltage-gated Ca2+-channels 

was analysed in cells incubated with 150 mg/l commercial TTR, which has both 

monomer and tetramer forms (Fig 1). Ca2+ currents registered from TTR-treated cells, 

depolarized to -20 mV, were significantly enhanced as compared to those from control 

cells (Fig 3). These data support that TTR acts on L-type Ca2+-channels as the effect 

occurred in the range of physiological depolarisations (5) and it is known that mouse β-

cells contain exclusively L-type Ca2+-channels (6). The stimulus-secretion coupling in the 

pancreatic β-cell is a complex process where changes in [Ca2+]i serve as a key regulator 

of insulin release (7). To clarify the extent to which the TTR-induced changes in [Ca2+]i 

were paralleled by changes in insulin release, mouse β-cells were incubated overnight 

with commercial TTR, consisting of both tetra- and monomer, and thereafter stimulated 

with glucose and KCl (Fig 4 A-C) in a perifusion system. There was no difference in 
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insulin secretion, evaluated as area under the curve (AUC), in cells exposed to 50 mg/l 

total TTR, whereas 100 mg/l gave an increase in glucose stimulated insulin release 

(p<0.05) and 150 mg/l in both basal (p<0.05) and glucose stimulated insulin release 

(p<0.05) (Fig 4 D,E). None of the TTR concentrations influenced KCl stimulated insulin 

release. 

We have previously shown that serum from adult patients with newly diagnosed type 1 

diabetes (T1D) induces a higher activity in voltage-gated L-type Ca2+-channels than 

serum from healthy subjects (8). We have now incubated pancreatic β−cells overnight in 

culture medium with 10 % sera from 21 children with newly diagnosed T1D or healthy 

controls. The changes in [Ca2+]i, upon depolarisation with KCl, were measured and in 11 

of the diabetic sera the increase was higher (positive sera) and in 10 the increase was 

similar (negative sera) compared to cells exposed to normal sera. Searching for possible 

serum components responsible for the observed effects on [Ca2+]i, it is of interest to note 

that the serum concentration of total TTR is decreased in children with T1D (9-11). Due 

to limited amount of serum material we could only measure the concentration of TTR, 

with kinetic nephelometri, in nine positive, three negative and ten control sera (Table 1). 

The levels were 116"11 mg/l in diabetic sera and 220"18 mg/l in control sera (p<0.001). 

Of the three negative diabetic sera (No 10-12, Table 1) one had a TTR level comparable 

with control sera (196 mg/l) while the other two were in the same low range as the 

positive diabetic sera. Knowing the possibility to estimate the amount of monomer, we 

analysed sera from both T1D and controls for SDS-PAGE patterns. As shown in Fig 5, 

the band representing the TTR monomer has a higher intensity on silverstained SDS-

PAGE in sera from both adults (Fig 5A) and children (Fig 5B) with T1D than in healthy 

controls. We find that in the group of ten tested children there was an up-regulation of the 

monomer in six of them.  

Our observation that the band on SDS-PAGE, representing TTR monomer, was of a 

higher intensity in T1D patients, while the serum level of the tetramer was decreased, 

made us test the monomer on β-cell [Ca2+]i. The TTR monomer was purified from 

commercially available TTR by HPLC and [Ca2+]i measurements were made on β-cells 

incubated with 1 and 2 µg/ml of the monomer. The concentrations were chosen based on 

the only study to our knowledge where the levels of monomer have been measured in 
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serum from patients with familial amyloid polyneuropathy (FAP) and normal subjects 

(4). In the latter group the concentration was 565± 231 ng/ml and as our diabetic patients 

had a stronger band than the controls, we decided to take one concentration in the upper 

normal range and in addition one higher concentration. In cells exposed to 1- and 2 µg/ml 

of the monomer, glucose and depolarization with high K+ gave a more pronounced 

increase in [Ca2+]i compared to controls (Fig 2 C,D).  No difference in basal [Ca2+]i was 

observed. Insulin secretion, stimulated by glucose and KCl, was not affected by the 

monomer in either of the chosen concentrations, although basal insulin secretion was 

significantly higher in cells treated with 2 µg/ml monomer. The increased basal secretion 

may reflect a negative effect on β-cell function. However, neither 150 mg/l of total TTR 

nor 2ug/ml of TTR monomer did induce cell death (Fig 6). 

In parallel with overnight incubation of cells, samples with the three concentrations of the 

monomer were incubated overnight and thereafter run on SDS-PAGE. This revealed that 

parts of the added monomer had reaggregated to tetramer (data not shown). Taken into 

consideration the relative responses to total TTR versus monomer TTR, the monomeric 

form is the likely candidate responsible for the effects.  

We now demonstrate that TTR promotes an increase in both [Ca2+]i and insulin release, 

the former effect being explained by a direct activation of the voltage-gated L-type Ca2+  

channel. Moreover, we demonstrate that the concentration of total TTR is decreased in 

T1D, while that of the monomeric form is increased. It is of interest to note that also the 

monomeric form of TTR interferes with the pancreatic $-cell stimulus-secretion 

coupling. Hence, it is likely that conversion of the tetrameric form of TTR to the 

monomeric form may constitute an important step associated with the development of $-

cell dysfunction in TID. Nevertheless, such a possible interference of monomeric TTR 

with cell function will not lead to β-cell destruction per se.  

 

Methods 
Identification of TTR in sera from patients with T1D 

Sera from T1D patients and control subjects were collected, identically sterile-processed, 

heat-inactivated by incubation at 56ºC for 30 min and stored frozen at -20ºC until used. 
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Changes in [Ca2+]i were tested in β-cells when they were depolarized with 25 mM KCl. 

Those diabetic sera that induced a higher increase than sera from controls, were 

centrifuged and the supernatant was passed through a 0.45 mm sterile filter. Samples 

were loaded on Sep-Pak C18 pre-conditioned with 0.1% trifluoroacetic acid (TFA). After 

application of the sample, and a 5 ml wash with 0.1% TFA, proteins were eluted with 

60% acetonitrile in 0.1% TFA. This procedure was repeated twice. The two fractions 

were pooled and the volume was reduced by lyophilization. The lyophilized material was 

submitted to SDS-PAGE, with a reference of control sera from healthy subjects. The gel 

was silver stained and bands of the diabetic and non-diabetic sera were compared. The 

band at 14 kDa showed an up-regulation in diabetic sera.  

Two SDS-PAGEs were run at the same time. One gel was stained with Coomassie 

Brilliant Blue and one was blotted on PVDF membrane and stained lightly. The band at 

14 kDa was cut and in-gel digested with trypsin. After digestion, the material was run on 

HPLC. Fractions were collected and mass fingerprinted by MALDI mass spectrometry, 

identifying TTR. This result was confirmed by amino acid sequencer analysis for 15 

cycles.  

 

Media 

The medium used for isolation of pancreatic β-cells as well s in the experiments was a 

HEPES buffer (pH 7.4) containing (in mM) 125 NaCl, 5,9 KCl, 1,2 MgCl2, 1,28 CaCl2 

and 3 glucose. Bovine serum albumin was added at a concentration of 1mg/ml. For cell 

culture RPMI 1640 culture medium supplemented with 10% fetal bovine serum was 

used. 

 

Preparation of cells 

Pancreatic islets from ob/ob mice were isolated by a collagenase technique and 

mechanically disrupted into cells (12, 13). Cells were either seeded onto plastic 

coverslips or used as cell suspensions.  
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Measurements of insulin release 

Cells in suspension were incubated overnight with 50-, 100- or 150 mg/l TTR (Sigma) 

and 1or 2 ug/ml monomer. Control cells were incubated with the vehicle (water) of TTR. 

Dynamics of insulin release were studied by perifusing islet cell aggregates mixed with 

Bio-Gel P4 polyacrylamide beads (Bio-Rad) in a 0.5 ml column at 37°C (14). The flow 

rate was 0.2ml/min and 2 min fractions were collected and analyzed for insulin by 

radioimmunoassay using a rat insulin standard (Novo Nordisk).    

 

Measurements of [Ca2+]i

Changes in [Ca2+]i were recorded in cells preincubated with 50-, 100 or 150 mg/l TTR 

and 1-, 2- or 5 ug/ml TTR monomer. Cells were attached to coverslips, loaded with 2 µM 

fura-2/AM (Molecular Probes) and mounted on an inverted epifluorescence microscope 

(Zeiss, Axiovert 135) connected to a Spex fluorolog-2 system for dual-wavelength 

excitations fluorimetri. The emissions of the two excitation wavelengths of 340 and 380 

nm were used to calculate the fluorescence ratio 340/380 reflecting changes in [Ca2+]i. In 

order to compensate for possible variations in output of light intensity from the two 

monochromators, calibration was done where the two monochromators were set at 360 

nm. Each experiment also included measurements of a 360/360 ratio. The calibration 

parameters as well as every experiment was normalized by dividing all fluorescence 

ratios with the corresponding 360/360 ratio. 

 

Purification of the TTR monomer 

TTR was run on a reverse phase (RP)-HPLC with an Everest 238 EV 54-C18  (0.46 x 25 

cm) column. The separation was made using a linear gradient of 20-60 % acetonitrile in 

0.1% TFA for 30 min at 1 ml/min. Fractions A1,A2 and A3 were collected and 

lyophilized.  They were then run on a Novex Tricine gel 10-20%. Fraction A2 showed 

the mono form at a mass of  14 kDa (Fig.1). 
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Patch clamp 
 
Whole-cell Ca2+ currents were recorded in β-cells, incubated overnight with 150 mg/l 

TTR or the vehicle, by using the perforated-patch variant of whole-cell patch-clamp 

recording technique. Electrodes were filled with (in mM): 76 Cs2SO4, 1 MgCl2, 10 KCl, 

10 NaCl, and 5 Hepes (pH 7.35), as well as amphotericin B (0.24 mg/ml). The cells were 

bathed in a solution containing (in mM): 138 NaCl, 10 tetraethylammonium chloride, 10 

CaCl2, 5.6 KCl, 1.2 MgCl2, 5 HEPES and 3 D-glucose (pH 7.4). Whole-cell currents 

induced by voltage pulses (from a holding potential of -70 mV to several clamping 

potentials from -60 to 50 mV in 10 mV increments, 100 ms, 0.5 Hz) were filtered at 1 

kHz and recorded. All recordings were made with an Axopatch 200 amplifier (Axon 

Instruments, Foster City, California) at room temperature (about 22 °C). Acquisition and 

analysis of data were done using the software program pCLAMP6 (Axon Instruments, 

Foster City, California). 

 

Flow cytometric analysis of cell death  
 
Cells from ob/ob mice were cultured for 48 h in the presence of 2 µg/ml TTR monomer, 

150 mg/ml total TTR or the vehicle. The whole cell population was collected and stained 

with propidium iodide (PI) (BD PharMingen) and analysed on a FACscan using 

CELLQuest acquisition software (Becton Dickinson, Immunocytometry System). FACS 

gating, based on forward and side scatter, was used to exclude cellular debris and 

autofluorescence and typically 10 000 cells were selected for analysis. 

 

Statistics 

Statistical significance was evaluated by Student´s t-test and p values <0.05 were 

considered significant. Data are presented as means ± s.e.m. 
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Table 1  Concentration of TTR in sera from T1D patients and healthy controls 
 

  TTR (diabetic sera) 

(mg/l) 

TTR (control sera) 

(mg/l) 

1 103 227 

2 112 248 

3 90 169 

4 76 203 

5 134 205 

6 151 172 

7 70 178 

8 130 318 

9 151 317 

10 196 165 

11 78  

12 105  

Mean"s.e.m 116"11 220"18 
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Figure 1 SDS-PAGE pattern of TTR. Commercial TTR run on HPLC with a Vydac 

C18 column, ACN in 0.1% TFA; gradient 20-60% in 40 min, fractions 1, 2, & 3 were 

collected and run on SDS-PAGE, STD refers to the commercial TTR before HPLC run. 
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Figure 2 Effects of total TTR and TTR monomer on [Ca2+]i. a, b, Cells incubated with 

total TTR. c, d, Cells incubated with the monomer. In a and c the increase in [Ca2+]i is 

shown when cells were stimulated with glucose (a, n= 48, 98, and 64, respectively for 

control cells and 46, 113, and 82 for TTR treated cells. c, n=50, 50 and 56, respectively 

for control cells and 73, 47, 74, respectively for TTR monomer treated cells) In b and d, 

the delta increase in [Ca2+]i is shown when cells were depolarised with KCl.(b, n= 48, 97, 

and 71, respectively for control cells and 44, 111 and 90 for TTR treated cells. d, n=83, 

83 and 65, respectively for control cells and 83, 60 and 83 for TTR monomer treated 

cells).  (***p<0.001). 
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Figure 3 Effects of TTR on voltage-gated Ca2+ currents. A) Sample whole-cell Ca2+ 

current traces, generated by a depolarizing voltage pulse (100 ms) to -20 mV from a 

holding potential of -70 mV, from a control cell (upper trace) and a cell incubated with 

TTR (lower trace). B) Whole-cell Ca2+ current-voltage relationships in pancreatic β-cells 

in the presence and absence of TTR. The TTR-treated β-cells display larger Ca2+ currents 

than control cells when they were depolarized to -20 mV.(** p< 0.01). 
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Figure 4 Effects of total TTR on insulin secretion. Insulin release was measured in β-

cells pre-incubated with A, TTR at 50 mg/l (n=5); B, at 100 mg/l (n=3); C, at 150 mg/l 

(n=5);. The insulin release expressed as AUC for D, basal and E, glucose stimulated 

secretion. (*p<0.05, **p<0.01) 
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Figure 5 Sera on SDS-PAGE from adults and children with T1D and healthy 

controls. A. Five T1D sera (D) from adults and one control serum (C). B. Sera from two 

TID (D) and two control sera (C). The band for the monomeric form of TTR is marked 

with an arrow. In both A and B, lanes with commercial TTR and a broad range marker 

(M) were run. 
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Figure 6 Effect of total TTR and TTR monomer on cell death. FACS analysis were 

done on pancreatic β-cells exposed to total TTR or TTR monomer (n=5). Cell death is 

expressed as the percentage of 10 000 counted cells.  
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